Abstract Habitat clustering results from processes of habitat loss and fragmentation, which operate at different resolutions and with different intensities, e.g. forest clear-cutting or thinning. Individual movements also vary at different spatial scales according to landscape structure and species dispersal strategies. Disentangling the relative impact of habitat loss and fragmentation on the long-term survival of species requires understanding how clustering at one resolution interacts with the amount of habitat, dispersal distance and clustering at other resolutions, to affect dispersal success. We addressed this problem by quantifying the magnitude of these interactions and how they were affected by the intensity of habitat removal. Individual-based simulations were conducted on artificial fractal landscapes where the intensity of habitat removal and the amount of clustering were varied independently at two nested resolutions, while the total amount of habitat in the landscape was controlled for. We show that the way the amount of habitat, the dispersal distance and the amount of clustering affect dispersal success depends on the resolution at which habitat clustering occurs, the intensity at which habitat is removed, and the strength of habitat selection. Our findings highlight: (a) the importance of explicitly considering scale-dependent biological responses to landscape change; and (b) the need to identify the appropriate scale at which to manage fragmentation, thus avoiding mismatches between the scale of ecological processes and the scale of management.
Introduction
Animal movement plays a key role in many ecological processes, such as foraging (Stephens and Krebs 1986) , home range establishment , dispersal (Bowler and Benton 2005) and migration (Dingle 1996) . Habitat loss and fragmentation, which refer to the 'removal' and 'breaking apart' of habitat respectively (Fahrig 2003) , can disrupt the capacity of individuals to move among habitat patches (With and King 1999a) , and therefore represent major threats to the persistence of populations (Flather and Bevers 2002) . Movements occur at a range of spatial and temporal scales because they are undertaken for different biological reasons (e.g. foraging or reproduction) (Stenseth and Lidicker 1992) , and because they provide different payoffs to individuals (e.g. reduced inter-specific competition) (Hiebeler 2004) . Habitat fragmentation, which determines the clustering of habitat, can also occur at different scales (Lindenmayer and Fisher 2006) . While the impact of the amount and clustering of habitat on species movement has been well studied (Gustafson and Gardner 1996; Pearson et al. 1996; With and King 1999b) , there is a limited understanding of how the scale at which habitat clustering occurs, the amount of habitat, and the scale of movement interact to affect dispersal success.
The scale at which habitat clustering occurs refers to the resolution (i.e. grain) of the habitat pattern, which is a direct consequence of natural and anthropogenic disturbance processes that occur with different resolutions (Lord and Norton 1990) . For example, the dieback of isolated trees and forestry practices, such as selective logging, usually generates habitat patterns with a fine resolution, while large-scale fires, insect outbreaks and land-cover change driven by land use (e.g. pasture and cropping) tend to create habitat patterns with a coarser resolution (Fearnside 2005; Broadbent et al. 2008; Mori 2011) . Different resolutions of habitat clustering can occur simultaneously, and in combination with different processes of habitat removal (Franklin et al. 1997) . For example, in forestry landscapes, logging units of different sizes combined with harvesting practices that remove different amounts of vegetation in a single removal event (e.g. selective logging or clear cutting) can create a mosaic of unevenly dense vegetation patches of different sizes (Gustafson 2007) . Habitat clustering at different resolutions affects the success of species dispersal (Doak et al. 1992) . Furthermore, Tenhumberg et al. (2001) found that one resolution of clustering can interact with another resolution of clustering to affect dispersal. A critical issue then is how different resolutions of habitat clustering and processes of habitat removal interact to affect species dispersal.
The resolution of habitat clustering can have important consequences for species moving different distances during dispersal, i.e. the movement away from a natal/breeding site (Clobert et al. 2001) . While some species, such as beetles, can move no more than few meters, others species, such as carnivores or ungulates, can move several kilometres (Crist et al. 1992; Revilla et al. 2004; Fryxell et al. 2008) . Numerous studies have shown that the impact of one resolution of habitat clustering on species dispersal, depends on the dispersal distance (Johst et al. 2002; Hiebeler 2004; Buchi and Vuilleumier 2012) . However, species moving different dispersal distances are affected by habitat clustering at different resolutions. For instance, while species moving short dispersal distances (e.g. beetle) are affected by the spatial configuration of fine-grained habitat patches, species moving large dispersal distances (e.g. caribou) are more affected by the spatial arrangement of coarsegrained land cover types (McIntyre and Wiens 1999; Johnson et al. 2002) . In addition, movement responses to habitat clustering may depend on whether movements are biased towards specific directions (e.g. habitat) (Farnsworth and Beecham 1999) . This is an important problem in landscape ecology because the fitness consequences of large dispersal distances are different from the fitness consequences of small dispersal distances (Johnson et al. 2009 ), with potential repercussions for the evolution of dispersal (Travis 2001) .
The resolution at which habitat clustering occurs can also affect how the amount of habitat influences species movement. Pearson et al. (1996) demonstrated that, as the amount of habitat in a landscape decreases, fine-resolution clustering has a greater impact on connectivity than coarse-resolution clustering, even for species dispersing over distances larger than the resolution of clustering. This is an important issue, since the effect of the amount of habitat on movements may change according to the resolution of the habitat pattern. For example, the threshold in the relationship between the amount of forest cover and the selection of breeding territory by a forest-dependent avian species was found to vary among the scale of a nest site, the territory scale and the landscape scale (Suorsa et al. 2005) . Pearson et al. (1996) provide useful insights into whether the interaction between the amount of habitat and the resolution at which habitat clustering occurs affects species moving different dispersal distances. However, they did not control for the degree of clustering, and therefore were unable to separate the independent effect of the amount of habitat from that of the clustering of habitat.
In this paper, we addressed three questions: (1) how does the resolution at which habitat clustering occurs interact with habitat amount to affect dispersal success; (2) how does the resolution at which habitat clustering occurs interact with the distance moved during dispersal to affect dispersal success; and (3) does the degree of habitat clustering at one resolution interact with the degree of habitat clustering at another resolution to affect dispersal success? We addressed these questions by applying a spatially-explicit simulation approach, whereby individuals with different dispersal strategies move on binary landscapes, where the amount of habitat, the intensity of habitat removal and the degree of clustering at two resolutions were controlled independently. We used a second-order spatial statistic, the O-ring statistic (Wiegand et al. 1999) , to predict the impact of changes in landscape structure on dispersal success and then explored how the value of the O-ring varied with changes in landscape structure. We show that the resolution at which habitat clustering occurs interacts with the amount of habitat, the dispersal distance, and the degree of clustering at other resolutions to affect dispersal success. We also show that these interactions depend on the intensity of habitat removal and the dispersal strategy.
Methods
Our approach consisted of two main components. First, we constructed a hierarchically-structured landscape where the intensity of the process of habitat removal (i.e. the amount of habitat removed in a single removal event) and the clustering of habitat at two different nested resolutions were controlled independently from the total amount of habitat in the landscape. We then developed an individual-based model of dispersal of species that adopt different dispersal strategies, and simulated dispersal of individuals on the hierarchically-structured landscapes. We calculated the O-ring statistic (Wiegand et al. 1999 ) and used it to quantify the impact of changes in landscape structure on dispersal success, by fitting a power-law model to simulation data. Finally, we explored how the value of the O-ring statistic depended on the landscape generator parameters.
Landscape construction
Landscapes were constructed using a hierarchical approach, based on a two-level framework. At the top level, we controlled the intensity with which habitat was removed and the degree of coarse-resolution clustering, while at the bottom level we controlled the degree of fine-resolution clustering. To generate patterns of habitat clustering with different resolutions, fractal maps were nested within each other. Fractal landscapes are grid-based maps extensively used in percolation theory studies to assess the impact of landscape structure on organism spatial dynamics . The degree of habitat clustering was represented by the fractal dimension (D), which in fractal landscapes is bounded between 2 and 3 (Palmer 1992) . High values of D generate landscapes with low habitat clustering and low values of D generate landscapes with high habitat clustering. Landscapes with low habitat clustering are more fragmented than landscapes with high habitat clustering. Fractal landscapes were created using the midpoint displacement algorithm (Saupe 1988) .
Initially, we created a fractal map, whose fractal dimension (D1) represented the degree of coarseresolution habitat clustering, and which formed the upper-level of the landscape. We transformed the normally-distributed raw values derived from the fractal algorithm, into proportions, using a rank-based Beta transformation (Gupta and Nadarajah 2004) :
where p i represents the proportion of habitat in map cell i, B (a, b) is the beta function R 1 0 z aÀ1 ð1 À zÞ bÀ1 dz, with a and b the two shape parameters, and w i the quantile of the raw value for map cell i. Equation (1) scales the range of quantiles of the raw values (w 1 , w 2 , w 3 ÁÁÁw i ) between 0 and 1. At this level, each cell had a certain proportion of habitat, and the degree of clustering influenced the likelihood that adjacent cells would have similar proportions of habitat. We then assumed that the average proportion of habitat in the landscape, p, was equal to l, where l was the mean of the Beta distribution, which was equal to a/(a ? b).
The value of the parameter b was calculated based on p, for different values of the parameter a. Varying the parameter a allowed us to control whether the proportions of habitat in all cells were close to the mean proportion of habitat in the landscape (a = 20), uniformly distributed between 0 and 1 (a = 1), or clustered around 1 and 0 (a = 0.1) (Fig. 1) , while keeping the amount of habitat in the landscape (p) constant. Different values of the parameter a represented processes of habitat loss that remove different amounts of habitat from each cell of the landscape's upper level ( Fig. 1) . Low values of a represent processes of habitat removal of high intensity, such as clear-cutting, which remove all habitat in a cell. This removal process creates landscapes where large blocks of habitat are interspersed with large gaps of non-habitat (i.e. 'Blocky' processes) (Fig. 2a, d) . High values of a represent processes of habitat removal of low intensity, such as thinning, which remove small amounts of habitat (i.e. single trees). This removal process results in 'perforated' landscapes where gaps of non-habitat are smaller compared to a 'Blocky' process ( Fig. 2c, f) . Intermediate values of a represent processes of habitat removal of medium intensity, such as the ones retaining vegetation at harvest (Franklin et al. 1997) . In this case, landscapes are transformed by a heterogeneous mix of perforation and blocky processes (i.e. 'Mixed' processes) (Fig. 2b, e) .
Next, we used the fractal algorithm to nest a fractal map within each cell of the upper-level maps. Lowerlevel maps had all the same fractal dimension (D2), which represented the degree of fine-resolution habitat clustering. At this level, habitat was distributed as a binary map. A value of 1 (habitat) or 0 (non-habitat) was assigned to each lower-level cell, so that the proportion of each lower-level map that was habitat equalled the p i value of the cell in the upper-level map. The surface made up by these lower-level maps combined represented the binary landscape on which individuals moved. We constructed landscapes of 289 by 289 cells by creating upper-and lower-level maps of 17 by 17 cells. Landscapes with different degrees of clustering at different resolutions were created by varying independently the fractal dimension of the upper-and lower-level maps. These are shown graphically by row in Fig. 2 .
Dispersal model
We simulated dispersal of individuals as a first-order, correlated random walk (Kareiva and Shigesada 1983) . First-order correlated random walk models assume that the direction of each move depends on the location and direction of the last move (Kareiva and Shigesada 1983) . Furthermore, first-order correlated random walk models can be extended to incorporate mechanisms for the response of movements to landscape patterns (Gardner and Gustafson 2004) .
Every time step, an individual took a movement step, which consisted in moving an Euclidean distance, d. We assumed that individuals had a higher probability of taking small steps than large steps (e.g. Revilla and Wiegand 2008) . Therefore, the value of d was chosen at random from a truncated exponential distribution, f ðdÞ ¼ (Vogel et al. 2009 ), with rate parameter b, median equal to dd (a model parameter), and maximum dispersal distance d max equal to 50 cells. We calculated the parameter b for different values of dd, by setting the 50th percentile equal to dd.
Individuals covered the distance d by taking cell-tocell moves between adjacent cells. An individual could move into one of the eight cells surrounding its current location. The probability, P i , of moving to cell, i, was
where U i is the probability of taking a particular turning angle (i.e. by moving to cell i) in the absence of land-cover preference, w j is the habitat preference parameter for land cover type j (i.e. habitat and nonhabitat) and I(i, j) is an indicator function which is 1 if cell i is habitat and 0 otherwise. The denominator of Eq. (2) acts as a normalizing constant and ensures the probabilities, P i , add to one. Dispersing individuals of several taxa often adopt movement behaviour where the directions of successive movement steps are correlated and the movement path tends to approach a straight line (Van Dyck and Baguette 2005) . In order to introduce a directional bias caused by the persistence of moving in the same direction of the last move, we assumed that turning angles, h i , between successive moves followed a truncated normal distribution, ranging between -180 and ?180, with mean zero and variance r 2 turn . The probability, U i , to take a particular turning angle by moving to cell i, in the absence of any habitat selection and given the direction of the previous move, was expressed as a function of r 2 turn such that
where h i is the turning angle to cell i relative to the previous movement direction and f ðh; r 2 turn Þthe normal probability density function, with mean zero and variance, r 2 turn , equal to one, i.e. h * N (0,r 2 turn ). The turning angles to move to the centres of the eight neighbourhood cells could only take the discrete values of 0°, 45°, 90°, 135°, 180°(-180°), -135°, -90°and -45°. Therefore, Eq. (3) calculates U i as the integral of the turning angle probability density function 22.5°either side of the discrete angle for a move to the centre of each cell, with the distribution truncated at 180°.
The starting position of an individual was initialized at a randomly chosen habitat cell in the landscape. Dispersing animals could not settle until they had covered the Euclidean distance d from the starting point and they had found a habitat cell. Therefore, the actual distance d a , moved through cell-to-cell moves, depended on the spatial distribution of the habitat. By forcing individuals to move the distance d, we assumed that dispersal distance was an evolutionary trait that species had evolved in response to forces affecting individual fitness, such as density-dependent dynamics (Rousset and Gandon 2002) . If individuals did not find habitat after they had moved the distance d, they moved another whole distance d, starting from the cell where they stopped. Individuals could not move more than 50 steps (which can be interpreted as depletion of all resources and subsequent death of the individual). Therefore, individuals continued to take cell-to-cell movements until they had covered the whole distance d, they had found habitat or they had moved 50 steps. As searching for habitat has an associated risk of mortality per step taken, the number of steps can be viewed as a measure of dispersal success (Doak et al. 1992) . We assumed that individuals take a fixed amount of time, t, to move a movement step. The higher the number of steps an individual has to move, the higher the risk of mortality, and the lower the dispersal success is likely to be. Therefore, we used the number of movement steps as a measure of dispersal success. We assumed that, in a time step, individuals incurred a risk of mortality which depended on the distance d. Individuals dispersing large distances may have a higher risk of mortality than individuals dispersing shorter distances, as a consequence, for example, of moving faster or spending more time in the matrix (Andreassen and Ims 1998; Baker and Rao 2004) . The number of movement steps was calculated by dividing the actual distance moved d a by the dispersal distance dd. In doing so, we assumed that the risk mortality was the same for species moving large and small dispersal distances, as species moving large dispersal distances also evolve mechanisms to reduce mortality (Hebblewhite and Merrill 2009) . The edge of the grid-based landscape was modelled as a torus, with the bottom row adjoining the top row and the rightmost column adjoining the left-most column.
Simulation design
Simulations were conducted in a factorial experimental design, in which the amount of habitat, the intensity of the process of habitat removal, the degree of fineand coarse-resolution habitat clustering and the dispersal distance were varied. We created landscapes with relatively low amounts of habitat (p = 0.05, 0.1, 0.2, 0.3 and 0.4) because fragmentation is generally not important for dispersal success when the proportion of habitat in the landscape is greater than 30-40 % (King and With 2002) . For each amount of habitat, we simulated three processes of habitat removal ('Blocky', 'Mixed' and 'Perforation'), three values of the degree of fine-and coarse-resolution habitat clustering (D1 = 2.1, 2.5, 2.9, D2 = 2.1, 2.5, 2.9), and five values of dispersal distance, which were selected to encompass the range of resolutions of habitat clustering (dd = 1, 2, 3, 7 and 17 cells).
For each of the 675 unique combinations of factors (135 landscape types 9 5 dispersal distances), we simulated the dispersal of 100 independent individuals which had no preference for land cover type when dispersing (i.e. unbiased dispersal strategy), and 100 independent individuals which preferentially moved through habitat (i.e. habitat-biased dispersal strategy). The habitat preference parameters for habitat and for non-habitat were both set to 1, in the case of an unbiased strategy; and to 50 and 1, in the case of a habitat-biased strategy. At the end of each simulation, the number of dispersal steps taken was recorded. Each combination of landscape type and dispersal distance was replicated 100 times, resulting in a total of 6,750,000 simulation runs for each dispersal strategy. We also recorded the proportion of individuals who successfully located habitat out of the total number of replicates. The model was implemented in the R programming language for statistical computing (R Development Core Team 2012).
Model fitting
To quantify the effect of landscape structure on the number of steps taken, we used the O-ring statistic, which has been widely used to quantitatively capture the impact of changes in landscape structure on the spatial dynamics of plant and animal species (Wiegand et al. 1999 (Wiegand et al. , 2007 Bruggeman et al. 2010 ). The O-ring measures the probability that a habitat cell is located at a distance r from another habitat cell, thus providing a measure of the degree of habitat clustering. By being measured over different distances r, the O-ring is also able to isolate the scale of habitat clustering (i.e. the distance at which the probability to find two habitat cells away from each other is larger than the probability for a random map) (Wiegand et al. 1999, Wiegand and Moloney 2004) .
For each landscape type, we first calculated the O-ring, for values of r ranging from 1 to 140 cells.
Then, for each value of dd and dispersal strategy, we constructed linear regression models between the average number of steps and the value of the O-ring for different r. The value of r of the model with the best fit (calculated using the R 2 ) represented the critical scale r crit at which the landscape structure interacts with an organism movements (Wiegand et al. 1999) . Then, for each value of dd and dispersal strategy, we fitted the following power-law model, which was found to successfully predict the impact of landscape structure on dispersal distances (Wiegand et al. 1999) :
where y is the average number of steps taken, O 11 (r crit ) is the value of the O-ring calculated at the critical scale r crit , c is a scaling constant and p is the exponent. Goodness of model fit was assessed using the R 2 value. To better understand the effect of landscape structure on the number of steps taken, and consequently on dispersal success, we explored how the amount of habitat (p), the intensity of the process of habitat removal (a), the degree of habitat clustering at the coarse resolution (D1) and the degree of habitat clustering at the fine resolution (D2) affected the value of the O-ring statistic. As we used the O-ring to predict the number of steps, we could interpret the effect of the landscape generator parameters on the O-ring as the effect of landscape structure on dispersal success.
Results
Almost all the individuals, out of the total number of replicates, found habitat within 50 dispersal steps (see Appendix S1 in supplementary electronic material).
Interaction between resolution of clustering and habitat amount As the amount of habitat increased, the number of steps decreased (Fig. 3) . However, the impact of the amount of habitat depended on the degree of habitat clustering at different resolutions. In the case of a 'Blocky' process of habitat removal, the amount of habitat had a greater impact on the number of steps when clustering occurred at the coarse resolution than when it occurred at the fine resolution (white point-up and point-down triangles, Fig. 3b, c) . The effect was stronger when the amount of habitat was low than when it was high, and when the dispersal distance was large than when it was small. A similar result was found for a 'Mixed' process of habitat removal (Fig. 3e, f) . When habitat removal was the consequence of a 'Perforation' process, the amount of habitat had a greater impact on the number of steps when clustering occurred at the fine resolution than when it occurred at the coarse resolution (white squares and point-down triangles, Fig. 3g ). However, that was true for lower than higher amounts of habitat and for smaller than larger dispersal distances. For individuals with a habitat-biased dispersal strategy, the effect of the resolution at which habitat clustering occurred on the impact of the amount of habitat on the number of steps was much weaker.
Interaction between resolution of clustering and dispersal distance As the dispersal distance increased, the number of steps required to find habitat increased for a 'Blocky' and 'Mixed' process of habitat removal (Fig. 3a-f ). In the case of a 'Perforation' process, as the dispersal distance increased, the number of steps required to find habitat slightly decreased (Fig. 3g-i) . The effect of the dispersal distance on the number of steps was more pronounced when the amount of habitat was low then when it was high. In addition, the effect of the dispersal distance depended on the resolution at which habitat clustering occurred. For a 'Blocky' process of habitat removal, the impact of the dispersal distance on the number of steps was greater when clustering occurred at the coarse resolution than when it occurred at the fine resolution (Fig. 3a-c) . A similar result was found for a 'Mixed' process of habitat removal (Fig. 3d-f ). For a 'Perforation' process of habitat removal, the impact of the dispersal distance on the number of steps was greater when clustering occurred at the fine resolution than when it occurred at the coarse resolution (Fig. 3g-i) . For individuals with a habitat-biased dispersal strategy, the interaction between the resolution at which habitat clustering occurred and the dispersal distance was smaller compared to individuals with an unbiased dispersal strategy.
Interaction between different resolutions of clustering
Habitat clustering at both resolutions decreased the number of steps, thus increasing dispersal success (Fig. 4) . The effect of clustering at different resolutions depended on the process of habitat removal and it was more pronounced when the amount of habitat in the landscape was low than it was high. Interestingly, the impact of the degree of clustering at one resolution depended on the degree of clustering at the other Fig. 3 Mean number of steps (N = 10,000 replicates) as a function of the amount of habitat(p) and the dispersal distance (dd), for different degrees of coarse-(D1) and fine-resolution (D2) habitat clustering, processes of habitat removal (a) and dispersal strategies (unbiased and habitat-biased). The variable displayed on the y axis (no. of steps) is the average of the movement steps, which have been calculated by dividing the actual distance moved d a by the dispersal distance dd. The terms ''Low'' and ''High'' indicate the degree of habitat clustering; ''Coarse'' and ''Fine'' refer to the resolution of habitat clustering resolution. In the case of a 'Mixed' process of habitat removal, and for a small dispersal distance, the impact of fine-resolution habitat clustering on the number of steps was greater when the degree of coarse-resolution clustering was low than when it was high (Fig. 4d) . The interaction between different resolutions of habitat clustering was smaller in the case of an unbiased than habitat-biased dispersal strategy.
Effect of landscape structure on the value of the O-ring
The value of the O-ring measured at the appropriate critical scale successfully predicted the number of steps moved (Table 1 ; see also Appendix S2). As the distance r at which the O-ring was measured increased, the degree of habitat clustering of the simulation landscape, as measured by the O 11 (r), decreased (Appendix S3). The value of the O 11 (r) also depended on the landscape generator parameters. The O 11 (r) was lower when the amount of habitat (p) was low than when it was high. However, the effect of the amount of habitat on the O 11 (r) was greater when clustering occurred at the coarse (D1) than fine resolution (D2), for a 'Blocky' process, and vice versa for a 'Perforation' process. The O 11 (r) also was lower when the degree of clustering at the fine and coarse resolution (D1 and D2) was low than it was high. However, for a 'Mixed' process, the effect of low degree of clustering at the fine resolution (D2) on the O 11 (r) was stronger when clustering at the coarse resolution (D1) was low than when it was high. Calculation of the O-ring statistic further showed that the landscape generator parameters did not affect the scale of habitat clustering (sensu Wiegand et al. 1999 ).
Discussion
Our study provides new insights into the impact of habitat fragmentation at different scales on species dispersal (Doak et al. 1992; Pearson et al. 1996) . We demonstrate, for the first time, that a species' dispersal success is dependent on the resolution at which habitat clustering occurs and its interaction with the amount of habitat, a species' dispersal distance, and the degree of habitat clustering at other resolutions. This is of critical importance in the context of the impact of habitat loss and fragmentation on the movement and persistence of species (With and King 1999b; Flather and Bevers 2002) ; highlighting that the impact of the amount of habitat, the dispersal distance and the degrees of habitat fragmentation depends on the resolution at which habitat fragmentation occurs. We have shown that these interactions also depend on the intensity with which habitat is removed from the landscape, and an individual's dispersal strategy. Our findings have important implications for the use of habitat thresholds across spatial scales, conservation of species that adopt different scales of movement as part of their life histories, and the interaction between management actions at different scales.
Under processes of habitat loss of high intensity, such as forest clear-cutting, coarse-resolution clustering determines the rate of decline in dispersal success with loss of habitat, for species with a large dispersal distance. On the other hand, under processes of habitat loss of low intensity, such as forest thinning, fineresolution clustering determines the rate of decline in dispersal success with loss of habitat, for species with a short dispersal distance. As habitat is lost, dispersal success is lower when habitat is fragmented than when it is more clumped (Andrén 1994; Fahrig 1997; With and King 1999a) . However, we have demonstrated that the interacting effect of the amount of habitat and habitat fragmentation on dispersal success depends on the resolution at which habitat fragmentation occurs. This is captured by the O 11 (r), whose decline, as habitat is lost, depends on the resolutions at which habitat clustering occurs. It is important to note that the interaction between the amount of habitat and the resolution of habitat clustering strongly depends on a species' dispersal distance, which determines whether an individual can perceive habitat heterogeneity at a particular resolution (McIntyre and Wiens 1999) .
The interaction between the amount of habitat and the resolution at which habitat clustering occurs depends on the process of habitat removal. Empirical studies suggest that under processes of habitat removal of different intensities, clustering of habitat at different resolutions has different consequences for animal movements. For example, Chan-McLeod and Moy (2007) observed that the red-legged frog (Rana aurora) movements were mainly affected by the size of small forest patches (\1 ha) in landscapes where habitat removal was the result of low intensity disturbance processes, such as selective logging. On the other hand, Moreau et al. (2012) showed that, in landscapes dominated by clear-cutting forestry practices, the movements of woodland caribou (Rangifertarandus caribou) were affected by habitat fragmentation within the home range (*500 ha). This suggests that when habitat is lost as a consequences of high intensity processes, the movements of highly mobile species might be more affected by clustering of habitat at a coarse than at a finer resolution.
We also found that the dispersal distance interacts with the degree of clustering at different resolutions in non-intuitive ways. Under processes of habitat loss of high intensity, coarse-resolution clustering determines the rate of decline in dispersal success with increasing dispersal distance. This is because when organisms cover a distance, per movement step taken, smaller than the resolution of habitat clustering, the dispersal success of individuals who randomly select cover types decreases as the dispersal distance increases, because large dispersal distances increase the chances of leaving a patch (With and King 1999a) . On the other hand, we found that under processes of habitat loss of low intensity, fine-resolution clustering determines the rate of increase in dispersal success with increasing dispersal distance. Increasing the dispersal distance increases the probability of finding a patch when organisms cover a distance, per movement step taken, larger than the resolution of habitat clustering. A similar positive effect of dispersal distance on dispersal success has been reported by previous studies (Hiebeler 2004; Buchi and Vuilleumier 2012) .
Under a process of habitat removal of medium intensity ('Mixed'), the rate of decline in dispersal success with reduced fine-resolution clustering depends on the amount of coarse-resolution clustering. This finding suggests that different resolutions of habitat fragmentation may have a synergistic impact on dispersal success; that is their impacts may be greater than the sum of the impact of habitat fragmentation at each resolution. The interactive effect of different resolutions of habitat clustering on dispersal success is well captured by the O-ring statistic. Previous authors have suggested an interacting effect of habitat fragmentation at different resolutions on species movement (Tenhumberg et al. 2001; Frey et al. 2012) . However, ours is the first study to show a cross-scale interaction in the context of habitat clustering occurring at different resolutions. Our finding is important for conservation of species in fragmented landscapes because the interaction between different resolutions of habitat fragmentation may reduce individual fitness (Williams and Kremen 2007; Cornell and Donovan 2010) , thus potentially affecting the long-term persistence of species in human-dominated landscapes.
All the interactions quantified here are weaker when dispersal direction is strongly biased towards habitat. This result is not unexpected because habitatbiased individuals can always locate habitat around them and therefore need fewer steps to successfully disperse than unbiased individuals, as suggested by the higher proportion of successful dispersers with a habitat-biased than unbiased dispersal strategy (Appendix S1). This finding is consistent with Gardner and Gustafson (2004) , who investigated the impact of clustering, at one resolution only, on dispersal success. Habitat selection, however, might also have negative consequences for population dynamics in humanmodified landscapes, such as increased density-dependent mortality (Tyre et al. 1999) , or reduced individual fitness in selected habitat, as a consequence of natural or anthropogenic perturbations (i.e. ecological traps) (Schlaepfer et al. 2002) . Our findings suggest that the resolution at which clustering occurs may have a greater impact on species that conduct passive dispersal, such as wind-dispersed plants, than on species that perform active search, such as many animals, whose dispersal is often driven by visual or memory cues (Zollner and Lima 1997; Nathan and Muller-Landau 2000) .
Limitations and future research
In our simulations, we used binary landscapes and assumed that the matrix does not impede animal movements, although it is inhospitable to settlement. Although this is a common approach often used in models of dispersal (Doak et al. 1992; With and King 1999a; King and With 2002) , we recognize that the effect of the matrix on movements can be highly heterogeneous, with different land cover types having different impacts on movement (Ricketts 2001; Wiegand et al. 2005) . Nevertheless, it has been shown that the effect of matrix heterogeneity on dispersal success and population size is usually much weaker than the effect of the amount and spatial arrangement of habitat (Wiegand et al. 2005) .This is why we do not expect our results to be significantly affected by a binary representation of habitat. Another caveat is that individuals with a habitatbiased movement strategy had a very strong tendency to move towards habitat (i.e. high habitat preference parameter). However, organisms can exhibit a range of intensities in the bias with which they choose movement direction (Farnsworth and Beecham 1999) . While the assumption of strong habitat selection is not likely to affect the robustness of our results, it highlights that our conclusions are only applicable to species that either select any cover type at random (e.g. plants, Nathan and Muller-Landau 2000) , or have a strong tendency to preferentially select habitat (e.g. mammalian carnivores, Revilla et al. 2004) . As the intensity of an individual's bias to move towards habitat declines, the impact of the resolution at which habitat clustering occurs on species movement should increase. This is an important consideration for species whose movement decisions do not strongly depend on patterns of habitat distribution. Also in our model, we allowed individuals to adopt one dispersal distance per simulation, and therefore assumed that species only move at one scale (i.e. the distance moved in a time step t) (Fauchald and Tveraa 2003) . However, individuals of many species exhibit different movement behaviour states (or modes) (e.g. foraging vs. dispersal or migration), which are conducted at different scales and adopted in response to physiological and environmental stimuli . Our results may have important implications for the impact of landscape change on small-scale animal movements (e.g. foraging) (Andreassen and Ims 1998) . The overall response to habitat clustering for individuals who adopt different scales of movement will depend on how different resolutions of clustering affect different movement modes (Johnson et al. 2002; Forester et al. 2007 ). Further development of our model could include investigating how the resolution at which habitat clustering occurs affects the fitness and persistence of species that adopt different scales of movement as part of their life histories.
Conservation and management implications
Management of habitat fragmentation necessitates a multi-scale approach (Lindenmayer et al. 2008 ).
However, a critical step to manage fragmentation at multiple scales is to match the scale of management with the scale of the ecological process (Saunders and Briggs 2002; Cumming et al. 2006 ). Our findings demonstrate that the relative importance of managing fragmentation at each scale depends on the amount of habitat, a species' dispersal distances, and the interaction between the intensity of fragmentation at different scales. For instance, management approaches based on habitatamount thresholds, which are already known to be landscape and species-specific (Radford and Bennett 2004; Rhodes et al. 2008) , should not be applied across scales (Lindenmayer and Luck 2005) , because, as shown here, the relationship between the amount of habitat and species dispersal success is dependent on the resolution at which habitat clustering occurs. Explicit recognition of the scale at which management of fragmentation should occur would also be important for species that adopt different scales of movement, such as marine organisms with a dispersive larval stage (White and Costello 2011) . Finally, management of scale-dependent fragmentation should also consider the interaction between different scales of fragmentation, as suggested by Rundlöf et al. (2008) , who demonstrated that organic farming management practices aimed at reducing fragmentation at the scale of the individual farm and at the scale of multiple farms, have a synergistic interactive effect on the abundance on farmland biodiversity.
